The increasing incidence of hospital-acquired infections caused by multi-drug resistant pathogens, such as Acinetobacter baumannii, coupled with the low efficacy of drugs and rising treatment costs has created interest in the potential antimicrobial properties of natural products. The main objective of this work was to determine the effect of coriander essential oil on Acinetobacter baumannii in different growth phases, as well as its ability to inhibit the formation or eradication of biofilms. The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of coriander oil using a microdilution broth susceptibility assay was determined. The effects of different concentrations of coriander oil (ranging from 0.125 to 4×MIC) on biofilm formation and on established biofilm were tested using 96-well microtiter plates. Crystal violet assay was used as indicator of total biofilm biomass and the biofilm viability was assessed with a XTT staining method. It was found that coriander oil presented significant antibacterial activity against all tested strains of A. baumannii, with MIC values between 1 and 4 µL/mL. The MBC values were the same as the MIC, being an indicator of the bactericidal activity of this essential oil. In what concerns the effect of this essential oil on biofilm formation inhibition was observed of at least 85% of biomass formation by all A. baumannii strains using 2×MIC of coriander oil, in addition to a decrease in the metabolic activity of the cells. After exposure to coriander oil, a decrease in 24 h and 48 h-old biofilm biomass and metabolism was seen for all tested concentrations, even with sub-inhibitory concentrations. Coriander essential oil proved to have a significant antibacterial and anti-biofilm activity and should be considered in the development of future disinfectants to control A. baumannii dissemination.
Acinetobacter baumannii is a pathogen associated with nosocomial infections and is responsible for a large proportion of infections acquired in intensive care units worldwide [8, 9] . This bacterium can survive for long periods in hospital environments due to its ability to adhere to surfaces and form biofilms [10, 11] . The structure of the biofilm also increases the ability of pathogenic bacteria to resist antimicrobial treatments, disinfectants and other environmental stresses, such as dehydration and limited availability of nutrients [12, 13] . Essential oils also demonstrated activity against biofilms of some bacteria, with a minimum biofilm eradication concentration usually two to four times higher than the minimum bactericidal concentration [14, 15] .
The increase of A. baumannii resistant strains to antibiotics and their high ability to form biofilms make it urgent to provide a change in conventional methods of treatment and disinfection. The search for new and efficient natural products with low cytotoxicity showing antimicrobial activity against planktonic and biofilm cells may have a significant impact on the treatment of biofilmassociated infections [16] .
The main objective of this work was to determine the effect of coriander essential oil on A. baumannii in different growth phases, as well as on the formation and on established biofilm by this bacterium.
In this study we examined the activity of the essential oil against two reference strains and three clinical isolates of A. baumannii. The coriander oil had antibacterial activity against all the tested strains, with MIC values of 1 and 4 µL/mL for A. baumannii LMG 1025 and LMG 1041, respectively, and 1 µL/mL for all the clinical isolates (Table 1) . MBC values were equal to MIC values, an indicator of the bactericidal activity of this essential oil.
The effect of coriander essential oil was also evaluated over time on planktonic cells, in exponential and stationary phase, and the results are presented in Figure 1 . The oil, at a concentration of 1×MIC, exerted a bactericidal effect on both strains in the exponential ( Figure 1a ) and stationary ( Figure 1b ) growth phases. A bactericidal effect was observed against cells in the exponential growth phase after 30 min and 15 min of incubation with 1×MIC for A. baumannii LMG 1025 and LMG 1041, respectively. In the stationary growth phase the incubation time necessary to observe a lethal effect was 3 h for LMG 1025 and 15 min for LMG 1041.
Quantification of biofilm biomass and analysis of metabolic activity were used to study the effect of coriander essential oil on biofilm formation by A. baumannii; the results are shown in Figure 2 . After 24 h, when using a concentration two times higher than that of the MIC, inhibition higher than 85% was observed on total biomass Acinetobacter baumannii AcB 10/10 1 1
Acinetobacter baumannii AcB 23/10 1 1
Acinetobacter baumannii AcB 24/10 1 1 formation and metabolic activity, for both reference strains and the two clinical isolates (AcB 23/10 and 24/10). The results were strengthened by SEM images, in which the biofilm formed by A. baumannii was significantly reduce using two times the MIC of the essential oil (data not shown).
The effect of different concentrations of coriander oil on previously formed (24 h and 48 h) biofilms was also analyzed. On a 24 h preformed biofilm, a reduction was observed of approximately 90% of the total biomass for the two reference strains when using 2 or 4 times the MIC after 24 h exposure. This same reduction was also observed on the metabolic activity of biofilm cells ( Table 2 ). In addition, a reduction in biofilm biomass and metabolic activity was also observed when using 4×MIC during 24 h against 24 h biofilms of clinical isolates of A. baumannii (Table 2 ). However, for the strong biofilm producer strains AcB23/10 and AcB 24/10, the inhibitory effect of coriander oil showed a maximum inhibition of 81% and 75%, respectively ( Figure 3 ). The effect of coriander oil on 48 h pre-formed biofilms was identical to that observed on 24 h old biofilms. The inhibitory effect was more relevant with 4×MIC after 24 h of exposure, resulting in an inhibition of 96% and 93%
for the reference strains LMG 1025 and LMG 1041, respectively. For the clinical strains, the inhibitory effect was lower, resulting in an inhibition of 66% for AcB 23/10. Overall, biofilm reduction was observed when the concentration of coriander oil was raised, being more evident than the reduction observed with the increase in incubation time ( Figure 3 ). In addition, the inhibitory effect is clearer for the reference strains, as demonstrated in Figs 3a, b than for the clinical strains (Figure 3c, d) . Nevertheless, for the clinical strain AcB 10/10 the effect differs from the other clinical strains, since with sub-MIC concentrations, the biofilm biomass and metabolic activity increased over time, as observed for the control. However, with 2 and 4×MIC the biofilm biomass was reduced about 90% with 24 h of incubation (data not shown).
The effect of coriander essential oil on human red blood cells was verified; 1 µL/mL of oil led to 6% hemolysis, whereas 4 µL/mL resulted in about 10% hemolysis. The highest concentration tested (32 µL/mL) showed a hemolysis of 46%.
The information regarding the effect of essential oils on A. baumannii in planktonic cultures is very limited, and to our knowledge, there are only a few studies that discuss the anti-biofilm activity of essential oils. The present work showed that coriander oil has antimicrobial activity against both planktonic and biofilm cells of A. baumannii. In previous works for Gram-positive and Gramnegative bacteria the bactericidal activity of this essential oil was described [4, 17] . According to results obtained by Hammer et al. [18] , coriander essential oil showed antibacterial activity against A. baumannii (NCTC 7844), with a MIC of 2.5 µL/mL, which is in line with the results obtained here. Other studies have analyzed the antibacterial activity of coriander essential oils against several bacteria and against A. baumannii [3] [4] [5] 19 ]. For the potential use of this oil, either as a clinical treatment or disinfectant, it is important to establish the kinetics of its action against bacteria. Therefore, the effect of coriander essential oil against A. baumanii was also evaluated over time on planktonic and sessile cells. The rapid lethality caused indicated that the antibacterial activity of the oil can be associated with the disruption of the cellular walls of the studied Acinetobacter strains [4] . In our study, we report the bactericidal effect of coriander oil against multi-drug resistant strains of A. baumannii, as the three clinical strains, when tested against 19 antibiotics, only exhibited susceptibility to amikacin, colistin and tigecycline (data not shown).
It was also possible to observe that cells in the exponential growth phase were more susceptible to coriander essential oil than cells in the stationary phase. The same effect was observed by other authors, since the general morphology and physiology of the cells are different in both phases [14, 20] .
It was suggested that biofilm formation may explain the high resistance to antimicrobials by A. baumannii, as well as the survival of this organism in hospital environments for long periods, thus increasing the probability of acquiring hospital infections [10] .
It is known that biofilm structure increases the resistance of bacteria to antimicrobial agents and disinfectants [12] . The mechanism of resistance is complex and remains unclear, but may be due to one or more of the following: (i) delay in diffusion of the antimicrobial through biofilm matrix, (ii) altered growth rate of biofilm cells, and (iii) other physiological modifications due to the biofilm mode of growth [21] . Thus, it becomes relevant to search for new compounds capable of inhibiting biofilm formation by this organism. Our study showed that it was only necessary to use twice the bactericidal dose of coriander essential oil in order to inhibit a b formation of biofilm by all tested strains, resulting in a residual metabolic activity. Nuryastuti et al. reported similar results for the effect of cinnamon oil on the formation of biofilms by Staphylococcus epidermidis, with 2×MIC promoting a complete loss of metabolic activity of biofilm cells for some strains [22] . A relevant effect also observed in this work was a preventive effect of coriander oil on biofilm formation, since when incubated with a sub-MIC concentration biofilm formation was reduced relative to the control. This behavior is advantageous when considering coriander oil application, since sub-MIC antibiotic concentrations were described as inducing biofilm formation [23] . The effect of essential oil was also tested against 24 and 48 h preformed biofilms, resulting in almost complete reduction of biofilm total biomass and viability when using 4 times the MIC value. These results make coriander oil a potential agent for biofilm detachment, given that most antibiotics are about 1000 times less effective against bacteria in biofilms than in suspension [24] . The resistance associated with biofilms is also dependent on species and strain of the microorganism, physiological characteristics of the biofilm itself and of cells or even of phenotypic changes in cells within it and of biofilm age [25] . In Figure 3 and table 2, it can be observed that 48 h pre-formed biofilms were more sensitive to a sub-inhibitory concentration than a 24 h pre-formed biofilm, except for AcB 10/10 clinical strain. Human red blood cells afford a useful tool for toxicity studies of the compounds, because they are readily available and their membrane properties are well known [16] . Based on the effect of coriander oil on red blood cell membranes, it can be concluded that, based on MIC concentrations, the oil has a low cytotoxicity.
In summary, coriander essential oil showed good capacity to prevent biofilm formation by A. baumannii and consequently can be a potential alternative to antibiotics. It was also demonstrated that coriander oil promotes the disintegration of the biofilm formed by A. baumannii, being a good alternative to known disinfectants, and that could help halt the dissemination of the pathogen.
Experimental
Bacterial strains and essential oil: Coriandrum sativum essential oil (Sigma-Aldrich, St. Louis, MO) was tested against 2 reference strains of Acinetobacter baumannii (LMG 1025 and LMG 1041) from BCCM/LMG bacterial collection, and 3 clinical isolates, one a moderate biofilm producer (AcB 10/10) and 2 strong producers (AcB 23/10 and AcB 24/10). Strains were stored in Luria-Bertani (LB) broth with 20% glycerol at -80°C. Prior to susceptibility testing, each strain was inoculated on LB agar to ensure optimal growth and purity. The chemical composition of commercial coriander essential oil is reported in the literature [4, 7] .
Determination of minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC):
The minimum inhibitory concentration (MIC) of coriander oil was determined according to a modified version of the procedure described by Duarte et al. [19] . In this study LB was used as culture medium and serial two-fold dilutions of coriander oil (from 32 to 0.25 µL/mL) were prepared and added to 96-well plates inoculated with a cell suspension to attain a final concentration of 5×10 5 CFU/mL per well. The plates were incubated for 20 h at 37°C and growth was visually assessed. From all wells not showing visible growth, 10 µL was plated and the number of colonies counted following overnight incubation at 37°C to determine MBC. The MIC was defined as the lowest concentration of coriander oil without visible growth, and the MBC was defined as the lowest concentration reducing the initial inoculum by ≥99.9%. At least 3 independent determinations were made.
Planktonic time kill assay:
A. baumannii suspensions from stationary and exponential growth phases were prepared. In plastic tubes, 1 mL of cells in each of the growth phases was mixed with 100 µL of coriander oil solution to final concentrations of 0.125, 1 and 2×MIC and a final cell concentration of 1×10 7 CFU/mL. Tubes were incubated at 37°C without shaking. A sample of 20 µL was removed from each tube and CFU/mL was counted by serial dilutions [26] . Measurements were made in 3 independent experiments.
Effects of coriander oil on biofilm formation:
The effect of different concentrations of coriander oil on biofilm formation was tested on polystyrene flat-bottomed microtiter plates. Cultures were grown overnight in LB broth at 37°C and diluted in growth medium; 50 µL was then pipetted into the wells and 50 µL of different concentrations of the oil was added to the 96-well microtiter plates to yield a final cell concentration of 1×10 7 CFU/mL. Each concentration had 3 replicates and the assays were repeated on 3 separate days. LB was added as negative control and wells with no coriander oil were used as biofilm growth control. The plates were incubated at 37°C for 4, 8 and 24 h without shaking.
Effects of coriander oil on established biofilms: After either 24 h
or 48 h of biofilm formation, the medium was gently aspirated from the plate and wells were rinsed 3 times with saline solution and 100 µL of serial two-fold dilutions of coriander oil were then added to the wells. The plates were incubated at 37°C for 4, 8 and 24 h. For each tested strain and concentration, 9 replicates were made.
Crystal violet assay:
The crystal violet assay was performed to assess total biofilm biomass. After exposure to coriander oil, biofilms were washed twice with 150 µL of NaCl (0.85%). The remaining biofilm was stained with 100 µL of a 0.1% crystal violet solution at room temperature for 30 min. Then, the stain was discarded, wells were washed 3 times, the remaining crystal violet was solubilized with 200 µL of 95% ethanol and 125 µL of the ethanol solution were transferred into a 96-well microtiter plate and the absorbance measured at 570 nm [27] .
XTT staining method:
The XTT method based on the reduction of XTT ({2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino) carbonyl]-2H-tetrazolium hydroxide}) was applied to determine the effect of coriander oil on the metabolism of the biofilm. After exposure to coriander oil, biofilms were washed twice with 150 μL of 0.85% NaCl, then 100 μL of a solution containing 200 mg/L of XTT and 20 mg/L of PMS (phenazine methosulphate) was added to each well. The microtiter plates were incubated in the dark for 3 h at 37°C. Finally, their absorbance was read at 490 nm [28] .
Scanning electron microscopy:
Polystyrene coupons (1 cm×1 cm) were individually washed and overnight submersed in a 70%
Anti-biofilm activity of Coriander essential oil Natural Product Communications Vol. 8 (5) 2013 677 ethanol solution. Prior to use, coupons were exposed to UV radiation for 30 min. A. baumannii cultures were grown overnight in LB broth at 37°C, diluted in growth medium and 500 µL was added to each well of a 24-well tissue culture containing a coupon. Then, 500 µL of different concentrations of the oil was pipetted into the wells with a final cell concentration of 1×10 7 CFU/mL and incubated 24 h at 37°C. To analyze the effect of oil on established biofilm, 500 µL of diluted culture were added to the wells with 500 µL of LB. After either 24 or 48 h, coupons were carefully washed 2 times with sterile water, and then coriander oil solutions were added and incubated again for 24 h. LB was added as negative control and wells with no coriander oil were used as a positive control. After incubation, the medium was removed and coupons were washed twice. The samples were fixed with 2.5% glutaraldehyde in 0.05M cacodylate buffer at room temperature for 2 h and dehydrated for 10 min using graded ethanol series (25, 50, 70, 90 and 100%). The specimens were then sputter-coated with gold and examined with a scanning electron microscope (Hitachi S-2700).
Hemolysis assay:
The hemolysis assay was performed using human erythrocytes (ARh+) and serial two-fold dilutions of coriander oil from 32 to 0.0156 µL/mL, according to He et al. [16] , with slight modifications. Specifically the assay was prepared in a 96-well round-bottom microplate and absorbance measurement was made using 100 µL of supernatant.
